The design of a bidirectional DC-DC power converter specifically for a distributed energy application is presented. The existing two different DC voltage battery bank of the distributed generation needs to interlink each other using a bi-directional DC-DC converter in order to minimize the unbalance of the output load currents of the three inverters connected to electric grid system. Through this connection, a current can flow from one system to another or vice versa depending on which systems need the current most. Thus, unbalanced currents of the grid line have been minimized and the reliability and performance of the DER grid connected system has been increased. A detailed mathematical analysis of the converter under steady state and transient condition are presented. Mathematical models for boost and buck modes are being derived and the Simulink model is constructed in order to simulate the system. Moreover, the model has been validated on the actual operation of the converter, showing that the simulated results in Matlab Simulink are consistent with the experimental ones.
Introduction
The distributed energy resources (DER) considered in this study is composed of photovoltaics (PV), wind turbines, a fuel cell, batteries and supercapacitors. The system is divided into two subsystems. Subsystem 1 is composed of PV, a PEM fuel cell, wind turbines and 24 V batteries. Subsystem 2 is composed of PV, a wind turbine, supercapacitor and 48 V batteries. The detailed schematic diagram of grid connected DER at the University of Massachusetts Lowell (UMass Lowell) is presented in Figure 1 . This DER, as it stands now, consists of four roof top mounted wind turbines rated for 2.4 kW, 1.5 kW, 500 W, and 300 W; two photovoltaic arrays rated for 2.5 kW and 10.56 kW that are connected through a microprocessorcontrolled maximum power point trackers (MPPT); two battery storage banks rated at 24 V, 45 kWh and 48 V, 30 kWh; a 1.2 kW PEM type fuel cell; four modules of Maxwell Super capacitors, each of which is rated at 48 V, 140 Farads; and three 4 kW sine wave inverters that are connected to the utility grid. A data acquisition system (DAQ) is installed in order to monitor the performance of all energy resources.
In its operation, there are times that the 24 V battery bank supplies less current to Inverter 1 than the 48 V battery bank supplies to Inverters 2 and 3. This causes an imbalance of currents to the 3-phase electric grid. There are also times that Inverter 1 or 2 shuts-down or malfunctions. In other words, the quality, the reliability and the performance of the system are compromised. Hence, integrating the two systems can lessen or resolve this problem. So, there was a need for the design and construction of a bidirectional DC-DC converter. This bidirectional DC-DC converter would connect the two-battery banks of the distributed energy resources. Through this connection, a current would flow from one system to another depending on which system needed the current the most. Imbalanced currents of the grid line would be minimized, and the reliability and performance of the existing DER grid connected system would increase. The author designed the power and control circuit for this bidirectional DC-DC converter and it is suited to this use. The mathematical analysis, Simulink model and simulation results are presented here and a prototype was fabricated and tested. 
laboratory at University of Massachusetts Lowell (UML).
A transformer less type was chosen so as to reduce size and weight, and improve economy [1] . Bidirectional power flow was obtained with a current-bidirectional two quadrant realization of the switch [2] . Anti-parallel-connected MOSFETs and diodes were used to construct the currentbidirectional switches. The power circuit includes the two control MOSFETs (APL 502J) 500 V, 52 A (switches Q 1 and Q 2 ); two diodes (APT2X101D20J) 200 V, 100 A (D 1 and D 2 ); inductor L and filtering capacitors C 1 and C 2 .
The control circuit design and assembly is presented in Figures 3 and 4 , and is composed of PIC16F684 microcontroller and FOD 3120 Optocoupler gate drivers, 2.5 A 8-DIP. A feedback loop system was used to control of the output voltage of the converter for a PWM. Reference 1 and Reference 2 on pins 12 and 13 of PIC 16F684 are connected through voltage divider from the 24 V and 48 V battery banks respectively, and they automatically control the pulse width that drives the MOSFET switches. Pin 9 and pin 10 of the PIC are connected to the sensors installed on load sides of the inverter.
The Operation
The current sensors, installed on the outputs of inverter 1 and inverter 2 (or 3), signals the micro-controller, and are responsible for determining the operation of DC-DC converter in either boost or buck mode. The micro-controller was programmed so that it could control the operation of the bidirectional DC-DC converter. The control strategies of this converter that are implemented in the PIC 16F684 are the following: 1) When the micro-controller reads that the current output in inverter 2 is higher than the current output in inverter 1, it will enable the PWM1. The microcontroller will drive MOSFET Q 1 and operate as a buck converter. In this case, the 48 V battery bank supplies current to 24 V battery bank, and will supply current to inverter 1; 2) When the output current in inverter 2 is lower than the output current in inverter 1, it will enable the PWM2. The microcontroller will drive MOSFET Q 2 , so that the converter operates as a boost converter. In this case, the 24 V battery bank supplies current to 48 V battery bank, and will supply current to inverter 2;
3) If inverter 1 is not operational while the PV is connected and charging the 24 V battery bank, then the micro-controller will enable PWM2. The converter will operate as a boost converter. If inverter 2 is not operational while the PV connected to it is charging the 48 V battery bank, the micro-controller will enable PWM1. The converter will operate as a buck converter.
Steady State Analysis of the Bidirectional DC-DC Converter
The voltage and current equations of a DC-DC converter under steady-state conditions can be found by using the two basic principles namely; the principle of inductor voltsecond balance and the principle of capacitor amp-second or charge balance. The principle of inductor volt-second balance states that the average value, or dc component of voltage applied across an ideal inductor winding must be zero and the principle of capacitor amp-second or charge balance, states that the average current that flows through an ideal capacitor must be zero [3] . Thus, to determine the voltages and currents of DC-DC converters operating in periodic steady state, one averages the inductor current and capacitor voltage waveforms over one switching period, and equates the results to zero [4] . In Figure 5 the resistance R L of the inductor in the bidirectional DC-DC converter power circuit is being considered in order to model the circuit. Based on the power circuit shown in Figure 5 , the output voltage, and inductor current were derived. Red arrows are in the direction of current in a step down mode while the black arrows indicate the current direction in a step up mode.
Boost Mode: Figure 5 shows the equivalent circuit and the direction of currents and voltages when the DC-DC converter operates in the boost or buck mode. Each mode of operation consists of two intervals: the first is when the MOSFET is conducting and the second is when the appropriate diode is conducting.
Interval 1: When stepping up, MOSFET Q 2 is on and MOSFET Q 1 is off and inductor current flows through Q 2 as shown in Figure 6 .
Interval 2: When MOSFET Q 2 is switched off at t = t 1 , the inductor is connected between the input and output voltages through diode D 1 and the current that is flowing through MOSFET Q 2 will now flow through L, D 1 , C 2 and load R 2 as shown in Figure 7 . The output voltage and inductor current can be derived as:
At interval 1: When stepping up, the MOSFET Q 2 is on and MOSFET Q 1 is off, the inductor voltage is equal to;
If the ripple is very small, i(t) can be approximated with its dc components I L , and thus, The output capacitor current is equal
which can be approximated as
At interval 2: when MOSFET Q 2 is switched off at t = t 1 , the inductor is connected between the input and output voltages through diode D 1 , the current that is flowing through MOSFET Q 2 will now flow through L, D 1 , C 2 and load R 2 . The inductor voltage can now be written as 
The capacitor current can be expressed as
When the converter operates in steady state, the average value, or dc component of the inductor waveform v L (t) must be equal to zero and can be expressed as; Likewise, application of the principle of capacitor charge balance to the capacitor current waveform leads to
Equations (4) and (5) can now be solved for the unknowns V 2 and I L . The result is 1 must be greate than voltage E 1 . Again, the du -DC co g voltage and current para-
Kirchhoff's voltage law to
In order to charge the battery E 2 , the voltage across the capacitor V 2 must be adjusted to be greater than voltage E 2 . Initially, the duty cycle D can be adjusted to make sure that V 2 is greater than battery voltage E 2 for boost operation. Based on Equation (7), it is expected that the charging current increases as the duty cycle increases. The resistance R 2 must be greater than R L L R R  to make the converter operate most efficiently.
Buck Mode: Figures 8 and 9 show the direction of currents and voltages when the converter operates in buck mode.
Interval 1: When stepping down, MOSFET Q 1 is on and MOSFET Q 2 is off, inductor current flows directly to the output as shown in Figure 8 .
Interval 2: When MOSFET Q 1 is switched off at t = t 1 , the current in the inductor that is flowing through MOS-FET Q 1 will now flow through diode D 2 as shown in Figure 9 .
The output voltage and inductor current can now be derived as;
on L In order to charge the battery E 1 , the voltage across the capacitor V r ty cycle D is initially set so that V 1 is greater than battery voltage E 1 for buck operation. The charging current can be adjusted by changing the duty cycle.
Dynamic Analysis of the Bidirectional DC-DC Converter
A typical configuration of a power circuit for a DC nverter, when considerin meters, is shown in Figure 5 . When the DC-DC converter operates as a boost or buck converter and in a continuous conduction mode, the current in the inductor flows continuously [5] . Red arrows are the direction of current in a step up mode while the black arrows indicate the current direction in a step-down operation. Based on this power circuit, the output and input voltages, and inductor current are being derived.
Boost Mode: Interval 1: Switch Q 2 is on, the inductor directly conne V 1 . Performing a cted to source the loop shown in Figure 6 gives; 
In matrix form, (see Equation (13)) Interval 2: Switch Q 2 is off, the V 1 is direc nected to the output. The current that is flowing through Q Performing a Kirch 2 2 2 2
tly con-2 will now flow through diode D 1 . hoff's voltage law from input and to the output loop of Figure 7 gives;
For v L , we have 
In matrix form, (see Equation (17)) And let
Buck Mode: Interval 1: Switch Q 1 is on, the V 2 is directly connected to the output. Performing a Kirchhoff's voltage law from input and to the output loop in Figure 8 gives; (23) gh Q 1 will ff's voltage
For v L , we have
For i c we have;
In matrix form, (see Equation (27)) And let
At steady state,
The Simulink Model
Based on the design of the power and control circuits pr in the previous section, an equivalent Simulink m the bidirectional DC-DC converter was constructed and is presented in Figure 10 . In the Si model, a PID controller is used to implement the con de m esp generating a PWM that drives the MOSFETs and switch relays [9] . All th rameters are based on the actual component valu in the fabrication of the bidirectional DC-DC converter. 
Simulation and Experimental Results
The system is simulated in order to examine the dynamic and steady state performance of the bidirectional DC-DC converter during buck and boost modes of operation [10] . ductor resistance (R L ) = 0.008 Ω; Capacitor 1 (C 1 ) = 27,000 μF; Capacitor 2 ( = 27,000 μF; R 1 = R 2 = 750 Ω; and battery internal tances R i1 = 0.786 mΩ (for 24 V); R i2 = 1.57 mΩ (for 48 V). Results show that the simulation is in good agreement with the experimental results, and validate the model.
It is also noticed that the response time is quite fast, taking only 0.25 sec to reach the steady state voltage V 1 which is equals to 24.5893 volts for buck operation. While in boost operation, it also took 0.25 sec to reach the steady state voltage value V 2 which is equals to 48.032 volts. While the current flowing to the inductor gives identical results for boost and buck operation but opposite in direction. It is found that the duty cycle for buck and boost operation must be greater than 50% in order to charge or transfer energy from one battery bank to another. And as the duty cycle increases, the current flowing through the inductor increases which will also increase the amount of energy transfer from one battery bank to another. It is observed that if the duty cycle is less than 50% for boost and buck operation, then the inductor current tends to be the opposite, meaning that it is not supplying or charging the output. The actual installation was done with the low side of the converter connected to the 24 V battery bank and the high side connected to the 48 V battery bank as shown in Figure 13 while Figure 14 shows the variation of voltages and currents of the bidirectional DC-DC converter when it is operated experimentally. The system was tested on May 16, 2011 at 10:27 AM, on a cloudy day. When the circuit breakers on both side of the converter are switched on, the initial mode is in step up operation where average voltages and currents are: at low side; 23 V, 11.16 A, and high side; 49.6 V, -3.03 A. When the mode of operation changes to step down, the direction of current changes and the average low side and high side voltages and currents become 25.2 V, -10.83 A and 49.07 V, 7.04 A respectively. It is noticed that the voltage change on the high or low side of the converter conforms to the type of mode of operation but the efficiency in buck mode is greater than the efficiency in boost mode operation because the control circuit is connected to the 24 V battery source. It is also observed that the voltage and current change quickly without any overshoot of the values as the mode of operation changes. Hence, the converter's voltage and current are stable as it operates in both directions. Step down
Step up
Step up Step down 
Conclusion
A bidirectional DC-DC converter for distributed generation application has been designed, simulated and fabricated. Mathematical models for the buck and boost modes of the DC-DC converter are derived. Transient performances of the bidirectional DC-DC converter using the derived mathematical models are simulated in a Matlab Simulink environment. It is observed that the current change its direction quickly as the mode of operation changes without any overshoot of the values. Hence, the converter's voltage and current are stable in its operation in both directions. Results show that the simulation is in good agreement with the physical experiment and they validate the model. The PIC16F684 micro controller successfully works well in the implementation of the designed control strategy design of the bidirectional DC-DC converter. It was observed that the duty cycle for buck and boost operation must be greater than 50% in order to charge or transfer energy from one battery bank to another. And as the duty cycle increases, the current flowing through the in crease i nk to the other.
